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Adaptation to changing conditions is key for the survival of all living organisms, 
and bacteria are no exceptions to this rule. The research presented in this 
dissertation explored the adaptive behavior of two Gram-positive bacteria, B. 
subtilis and S. aureus. Different transcriptomic and proteomic approaches were 
applied, allowing a molecular dissection of the adaptive responses of both 
bacteria to different stressful conditions. This uncovered the underlying 
mechanisms that were employed by the bacteria to adapt to the respective 
stresses in order to mitigate particular detrimental effects. A general 
introduction to bacterial stress adaptation and the technologies that can be 
applied to study them is presented in Chapter 1 of this thesis.  
The first experimental chapters of this thesis, Chapters 2 and 3, address the 
adaptive responses of the soil bacterium B. subtilis to changes in the salinity of 
its environment. In the documented experiments, the salinity of the 
environment of B. subtilis was drastically changed by transferring the bacteria 
from Lysogeny Broth (LB) containing 1% NaCl to LB without NaCl. B. subtilis, 
being a resident of the soil, will frequently have to face such sudden changes in 
salinity, in particular upon changing weather conditions, such as heavy rainfall 
and flooding.  
Chapter 2 describes the importance of the Tat translocation system in adapting 
to a sudden drop in the growth medium salinity. Previous studies had 
established that the absence of the core Tat translocase of B. subtilis, known as 
TatAyCy, results in bacterial lysis when the bacteria are introduced in LB without 
NaCl. This lysis phenotype was attributed to absence of the heme-peroxidase 
EfeB, which is a known substrate of the TatAyCy translocase and a subunit of the 
elemental iron transport system EfeUOB. Of note, a part of the Tat-deficient 
bacterial population manages to survive the lysis phase and to adapt to the NaCl-
depleted conditions. At the start of this PhD research project, it was unknown 
why the tat-deficient B. subtilis cells would lyse and how some of the bacteria 
would ultimately adapt to the environment with low salinity. The transcriptomic 
analysis of tat mutant B. subtilis cells, just before undergoing lysis and during 
recovery in LB medium lacking NaCl, provided valuable insights that helped to 
understand the reasons why these bacteria started to lyse and how they 
adapted to the stressful change in environment. Particularly, the study of the 
global transcriptome revealed that the tat-deficient B. subtilis cells faced severe 
oxidative stress when introduced in LB without NaCl. Further, the transcriptome 




ability of the tat mutants to internalize nutrients, despite the presence of a 
nutritious growth medium like LB. In fact, the bacteria displayed a strong 
downregulation in the expression of many genes involved in the uptake of 
nutrients, which explains why the tat mutant bacteria stopped growing and 
lysed. Nevertheless, a fraction of the tat mutants adapted to the change in 
salinity and recovered. The transcriptomic analysis of the recovering fraction of 
the bacterial population revealed an upregulation of the oxidative stress 
response machinery, allowing the Tat-deficient bacteria to mitigate the 
detrimental effects of oxidative stress at the cell membrane due to the absence 
of EfeB. Meanwhile, to counteract the impending starvation the transcriptome 
was reorganized to utilize arginine as a source of carbon and energy.  
The observations presented in Chapter 3 elaborate on the role of a small 
regulatory RNA “S313” in the adaptation of B. subtilis to an environment with 
low salinity. The absence of S313 results in a remarkably similar growth 
phenotype as displayed by the tat deletion mutant when grown in LB without 
NaCl. However, the tat deletion mutant displayed a pronounced lysis-recovery 
phenotype when grown in LB without NaCl, whereas the s313 mutant presented 
a stall and recover phenotype (Figure 2, Chapter 3). Importantly, the similarity 
in the growth phenotype of s313 or tat mutant bacteria under conditions of low 
salinity were in accordance with the bioinformatic prediction that S313 would 
have a role in iron acquisition. In particular, a bioinformatic analysis with the 
TargetRNA_v1 algorithm had predicted that S313 would target a mRNA segment 
of the gene upstream to the efeO start codon, which lies in the terminal end of 
the efeU gene. efeU encodes for the transmembrane Fe3+ permease EfeU, which 
is a subunit of the EfeUOB iron transport system. The importance of this iron 
transport system in adaptation to environments with low salinity was already 
identified previously (Mietheke et al, 2013), and the underlying mechanism was 
elaborated in Chapter 2 of this dissertation. Northern blotting experiments 
verified this prediction. A detailed dissection of the effects of S313 on the 
expression of the efeUOB genes, showed that S313 is involved in stabilizing the 
efeU mRNA. Interestingly, the transcriptomic analyses of the s313 mutant 
bacteria just before their growth stalled and, later, when they had successfully 
adapted to LB without NaCl showed remarkable similarity to the transcriptome 
of the tat mutant bacteria during lysis and recovery. The s313 mutant bacteria 
also suffered from severe oxidative stress at the cell membrane due to a 
deregulation of the EfeUOB iron transport system. Like the tat mutant bacteria, 
the s313 mutant bacteria also showed signs of starvation and dependence on 









mutant bacteria regarding the growth phenotype and responses at the 
transcriptome level to low salinity, there were some notable differences in the 
gene regulation between these two different mutant strains. In particular, most 
of the observed differences involved SigW-controlled genes that were 
responsible for imparting resistance to certain antibiotics, like cefuroxime. In 
fact, both the s313 mutant bacteria and the tat mutant bacteria were more 
susceptible to cefuroxime compared to the wild-type B. subtilis, hinting that the 
resistance to cefuroxime was most likely linked to the deregulation of the 
elemental iron transport system EfeUOB. Indeed, overexpressing efeU, the 
predicted target of S313, not only rescued the growth phenotype when the 
bacteria were grown in LB without NaCl, but also restored the cefuroxime 
resistance to wild-type levels. Overall, this study depicts how a small regulatory 
RNA can have a global repercussion on gene regulation and a significant impact 
on the ability of the bacteria to adapt to changing conditions. The study also 
provided further evidence of the importance of the elemental iron transport 
system EfeUOB in adapting to environments with low salinity and, additionally, 
it also uncovered S313’s potential role in imparting resistance to cefuroxime. 
Considering the importance of the Tat translocase in protein translocation and 
management of oxidative stress at the membrane, the research presented in 
Chapter 4 was aimed at investigating the effects of Tat overexpression. In this 
case, 14N/15N metabolic labelling was employed to characterize the global 
effects of high-level expression of the TatAyCy translocase on the physiology of 
B. subtilis. An interesting opportunity provided by this approach was that, by 
subcellular fractionation, it was possible to separate effects of TatAyCy 
overexpression on processes that take place in the cytoplasm, the membrane or 
the extracellular environment. In the first place, the results of this analysis 
verified the previously reported induction of the LiaRS-dependent cell envelope 
stress response by TatAyCy overexpression. This was underscored by the 
observed LiaRS-dependent overexpression of LiaH. A most surprising discovery 
was a prolongation of the vegetative state of the bacteria, despite very high 
levels of TatAy and TatCy. This suggests that any detrimental effects of TatAyCy 
overexpression was offset by the induced LiaRS response. Additionally, TatAyCy 
overexpression also negatively impacted on the expression of proteins involved 
in competence and biofilm formation. All of these findings were consistent with 
the observed upregulation of the transition state regulator AbrB. In relation to 
the results described in Chapters 2 and 3, it was noteworthy that TatAyCy 




anabolism and catabolism. Supplementing the medium with arginine had 
growth stimulatory effects on the TatAyCy-overexpressing strain. The combined 
findings suggest that the amino acid arginine has a more important role in ‘twin-
arginine translocation’ than initially anticipated based on the identification of 
the twin-arginine residues in the respective signal peptides. 
Chapter 5 documents experiments that were aimed at understanding the 
adaptive responses of the two closely related S. aureus USA300 isolates D03 and 
D17 upon exposure to subinhibitory concentrations of ciprofloxacin. This story 
begins with the discovery of substantial increases in the minimum inhibitory 
concentration (MIC) of ciprofloxacin upon exposing the two isolates to a 
subinhibitory concentration of 0.2 µg/mL of ciprofloxacin for merely 4 h. Though 
both isolates showed significant increases in MIC, the D17 isolate showed a 
consistent 8-fold increase. On the other hand, the D03 isolate showed mostly a 
2-fold increase in MIC. Importantly, the increases in MIC values of ciprofloxacin 
observed for both isolates reverted to the initial MIC values after ciprofloxacin 
pressure was removed. This showed that the jump in the MIC for ciprofloxacin 
reflected a genuine adaptive response. RNA sequencing was performed to 
investigate the adaptive behavior of the two isolates in response to the 
subinhibitory ciprofloxacin exposure. The results showed that both the isolates 
display a largely similar response to ciprofloxacin. Both showed an induction of 
the SOS and DNA repair responses and upregulated transcripts for metabolic 
enzymes like a transketolase and an aminopeptidase. However, the D03 isolate 
mounted a more severe response in terms of upregulated transcripts for DNA 
repair enzymes than the D17 isolate. Most interestingly, the D03 isolate showed 
a clear induction of phage-encoded genes, while the D17 did not. The induction 
of phages in the D03 isolate is sufficient to explain the weaker adaptive response 
to subinhibitory ciprofloxacin exposure in the D03 isolate. Lastly, the RNA 
sequencing analysis revealed several upregulated transcripts that encode 
proteins with unknown functions. The latter proteins are of interest as they 
could have important roles in the bacterial adaptation to ciprofloxacin. 
Conclusion and Future Perspectives 
The studies on B. subtilis and its adaptive responses have placed the limelight 
on the pivotal role of the Tat translocase in preventing oxidative stress at the 
outer surface of the membrane. Oxidative stress caused by reactive oxygen 
species (ROS) is a common but perilous threat to the wellbeing of any micro-









damage to essentially all cellular components (McBee et al, 2017). Hence, all 
microorganisms have various defense mechanisms to protect against ROS and 
to repair oxidative damage. Most microorganisms, including B. subtilis have 
evolved redundant systems to ensure protection against oxidative stress. For 
instance, B. subtilis has two catalases KatA and KatE, both involved in detoxifying 
H2O2. Additionally, it also employs the heme peroxidase EfeB for the same 
function, but on the outside of the cytoplasmic membrane. However, under 
certain conditions, it turns out that the functional redundancy is not sufficient, 
as observed when B. subtilis is grown in the absence of NaCl. In this condition, a 
major contribution to the defense against oxidative stress is made by EfeB. 
Since, the Tat translocase is responsible for export of EfeB, allowing its assembly 
in the EfeUOB iron permease, Tat also becomes a crucial part of the mechanism 
for coping with the oxidative stress that occurs in the absence of NaCl. 
Nevertheless, a fraction of the B. subtilis population manages to survive the 
oxidative stress challenge. This too can perhaps be partly credited to 
redundancy but, this time, a redundancy in the translocation pathways. In the 
absence of a functional Tat translocase, EfeB can be exported from the 
cytoplasm through the Sec secretion machinery, possibly aiding in the defense 
against oxidative damage of cellular components. However, it is presently 
uncertain whether this Tat-independently exported EfeB is enzymatically active 
as it would probably need to acquire and assemble heme post-translocationally. 
Moreover, in the lysis phase, catalases like KatA and KatE are massively 
upregulated as observed in the expression array analysis of the tat mutants. 
Altogether, these responses are probably sufficient to limit the local H2O2 
concentration to a sub-lethal level in the surviving population. 
The conditional essentiality of EfeB as a subunit of the elemental iron transport 
system EfeUOB underscores the importance of iron acquisition for B. subtilis. In 
particular, this elemental iron transport system seems to be central in reducing 
oxidative stress at the membrane. Firstly, this involves the conversion of Fe2+ to 
Fe3+ at the expense of H2O2, which reduces the production of ROS due to 
hazardous Fe2+-mediated Fenton chemistry. However, it is not just the heme 
peroxidase EfeB that is necessary for managing oxidative stress at the 
membrane, but also the transmembrane permease EfeU that appears equally 
important to offset oxidative stress at the membrane. Possibly, EfeU serves this 
function by keeping the Fe3+ concentration at the membrane low, shifting the 
equilibrium of the Fe2+ plus H2O2 reaction catalyzed by EfeB towards Fe3+ (Figure 
1). Moreover, the discovery of the small regulatory RNA S313 being involved in 




regulated and connected to many other systems with critical roles in the 
bacterial cell. In particular, the observation that the absence of both S313 or 
EfeU makes B. subtilis cells more susceptible to antibiotics like cefuroxime 
highlights the existence of an overarching regulatory network governing the 
bacterial homeostasis. 
 
Figure 1: Regulation of EfeUOB by S313 and the interplay with the Tat and Sec protein 
translocation systems in B. subtilis. 
The sRNA S313 stabilizes the efeU mRNA enhancing the translation of EfeU, which is then inserted 
into the membrane by the Sec machinery. Here it ultimately assembles with EfeO and EfeB to form 
the elemental iron transport system EfeUOB. EfeB containing a twin-arginine “RR” signal peptide 
is translocated across the membrane by the Tat machinery. However, when the Tat machinery is 
compromised, EfeB can be exported via the Sec machinery as well. The heme iron peroxidase EfeB 
detoxifies H2O2, thereby producing H2O and O2, while oxidizing the potentially dangerous Fe2+ to 
Fe3+. The lipoprotein EfeO binds the generated Fe3+ and funnels it towards the EfeU permease, 
resulting in the uptake of Fe3+ by the bacterial cell. A compromised Tat machinery will disrupt the 
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bacterial membrane, leading to oxidative damage due to the formation of ROS by Fenton 
chemistry. This damage causes the B. subtilis cells to starve and eventually lyse. EfeU plays a 
crucial role in generating an Fe3+ sink, which ensures that the equilibrium of the reaction catalyzed 
by EfeB is shifted towards the detoxification of H2O2 and Fe2+. S313 also affects the expression of 
the sigma factor SigW, which regulates about 85 different genes, including efeUOB. S313 also 
imparts resistance to cefuroxime by a mechanism that is still unknown. Absence of S313 and Tat 
both trigger arginine uptake and synthesis extensively. Arginine supplementation, in fact, 
prevents cell lysis, pointing towards a potential role in protein folding and translocation, but also 
as a source of carbon and energy to survive starvation.  
Another key finding of the present PhD studies concerns the central role of 
arginine in protein translocation via the Tat pathway. The multiple run ins with 
dramatic changes in arginine metabolism, whenever the Tat translocase is 
tampered with or the EfeUOB iron transport system is affected, hints at a 
greater role of arginine than just being a building block of peptides and proteins. 
Instead, this amino acid serves as nutrient and probably also as a facilitator of 
protein folding and translocation. L-arginine, which is present as arginine 
hydrochloride in solution, is known to stabilize proteins, to suppress their 
aggregation, and to enhance the solubility of both folded and unfolded proteins 
(Kim et al, 2016; Tischer et al, 2010). Likewise, proteins that contain more 
arginine residues on the exposed surface have been found to be more stable 
than proteins with few exposed arginine residues (Strub et al, 2004). Moreover, 
some arginine peptides are capable of translocating across biological 
membranes (Nakase et al, 2017; Futaki, 2017). In the present PhD research L-
arginine was shown to suppress the lysis of tat mutant or s313 mutant B. subtilis 
in LB without NaCl. Likewise, L-arginine also stimulated growth when Tat was 
overexpressed. Here, the ability of L-arginine to rescue the lysis phenotype of 
the tat and s313 mutants should probably be attributed to the use of this amino 
acid as a source of carbon to offset starvation due to severe oxidative stress at 
the membrane, which impedes the intake of nutrients. 
Future studies should be aimed at dissecting the different roles of arginine in 
protein translocation via the Tat pathway with special focus on the potentially 
distinct roles in protein folding and translocation. In this respect, it will be 
interesting to assess whether different extracellular arginine levels impact on 
Tat-dependent protein translocation, but possibly also on protein translocation 
via the Sec pathway. Likewise, it would be relevant to perform in vitro protein 
folding studies with Tat substrates, such as EfeB or QcrA, in the presence of 
different arginine concentrations to assess the presumptive role of arginine in 
protein folding. If such studies validate the need for arginine in Tat- or Sec-
dependent protein translocation, it might also be an interesting option to 




cellular arginine content. Such future research investigating the possible 
mechanistic links between amino acid metabolism, protein folding and protein 
translocation would represent a completely new dimension in fundamental and 
applied studies on bacterial protein transport.  
In addition, the present studies emphasize the important the roles of sRNAs in 
bacterial homeostasis. The findings clearly portray an extensive regulatory 
network being affected by a single sRNA, S313, in B. subtilis mandating more 
research into the 154 independent RNA segments discovered in B. subtilis 
(Nicolas et al, 2012). To date, only a handful of these sRNAs has been 
characterized in detail, but conceivably, many more of them serve important 
functions in cellular homeostasis and adequate responses to chemical and 
physical insults. A more comprehensive investigation of the functions of these 
sRNAs will be crucial to understand their biological significance in the complex 
regulatory networks of a bacterial cell. The present research successfully 
pointed out efeU as one of the targets of S313. However, the characterization 
of S313-deficient bacteria also showed that S313 has a role in imparting 
resistance to cefuroxime. The currently available data suggest a possible role of 
SigW, EfeU and the elemental iron transport system EfeUOB in cefuroxime 
resistance, but further research is necessary to unravel the underlying 
mechanisms. 
Lastly, the studies with the S. aureus USA300 isolates and subinhibitory 
ciprofloxacin exposure once again revealed that adaptive and acquired 
resistance go hand in hand, and are not mutually exclusive. Upon, subinhibitory 
exposure to ciprofloxacin a strong induction of the SOS and DNA repair 
pathways was observed, which can readily cause mutations that may render the 
respective mutant bacteria resistant to ciprofloxacin. In addition, ciprofloxacin 
induced phages in the study isolate displaying the strongest SOS and DNA repair 
responses. This opens up the possibility that antibiotic resistance genes from the 
bacteria with the highest mutagenic burden are readily shared with other 
bacteria through phage-mediated transfer. Ironically, it thus seems that phage 
induction assists the antibiotic in bacterial killing, but can also promote the 
spread of resistance. Conversely, a lack of phage induction allows the bacteria 
to develop high adaptive resistance to ciprofloxacin. Clearly, in this scenario the 
phages represent a double-edged sword, which needs to be considered in the 
context of phage therapeutic approaches. For future studies, it will also be 
relevant to assess the impact of subinhibitory ciprofloxacin concentrations on 
the bacterial metabolism, as highlighted by increased transcript levels for the 









studying the biological functions of uncharacterized genes that were also 
upregulated by ciprofloxacin. The respective proteins could be involved in 
relevant and potentially druggable processes, such as DNA unwinding, DNA 
repair, metabolism, or ciprofloxacin resistance. Such investigations are 
important, because ciprofloxacin is still a highly potent and clinically relevant 
antibiotic, which is a valuable asset in times when the overall resistance to 
antibiotics is increasing rapidly. 
Overall, the snapshots of bacterial adaptations presented in this PhD thesis 
highlight the importance of studying bacterial adaptation to environmental 
changes and insults. This adds to our understanding of the underlying gene 
regulatory mechanisms, which is equally relevant for applied research on 
bacterial cell factories, like B. subtilis, and biomedical research on highly drug 
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